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GENERAL INTRODUCTION 
Dissertation Organization 
This work describes the continued development of a new separation 
technique, electrochemically-modulated liquid chromatography (EMLC), from 
column design, retention mechanisms to phamnaceutical applications. The 
introduction section provides a literature review of the technique as well as a brief 
overview of the research in each of the chapters. This section is followed by four 
chapters which investigate the issues of EMLC column design, the retention 
mechanism of monosubstituted aromatic compounds, and the EMLC-based 
applications to two important classes of phamnaceutical compounds (i.e., 
corticosteroids and benzodiazepines). The dissertation concludes with a general 
summary, a prospectus, and a list of references cited in the General Introduction. 
Literature Review 
High performance liquid chromatography (HPLC) has been and continues to 
be an important separation tool in the operation of many analytical laboratories [1-3]. 
A large number of columns with different stationary phases have been developed for 
various modes of separations, including normal-phase [4], reversed-phase [5], 
affinity [6], and ion chromatography [7]. Limitations and disadvantages of these 
columns lie in the fixed property of the stationary phases which cannot be 
manipulated to improve separation performance. For example, the conventional 
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way to solve co-elution problems is to optimize the mobile phase by changing the 
percentage of organic component or, for certain applications, the pH buffer or other 
additives. In general, however, the stationary phase plays a subordinate role in the 
optimization strategy. Thus, the analytical chemist Is judicious in the choice of a 
stationary phase, and furthennore, once that choice has been made for a certain 
separation, the usual route pursued to achieve the necessary resolution is to vary 
the composition of the mobile phase. As one consequence, a large amount of 
waste is generated during mobile phase optimization, which is becoming an ever 
increasing portion of operational costs. 
In order to overcome these limitations, many altematives have been 
presented, such as: transfomiable stationary phases and dynamic coating 
techniques [8-9]. EMLC is one of the new altemative techniques, combining 
electrochemistry and chromatography. This technique originates from 
electrosorption and electrodesorption concepts in electrochemistry, taking 
advantage of the effect of changes in applied potential (Eapp,) on the interactions 
between an electrode surface and analytes and, more interestingly, transforms a 
chromatographic column into a three-electrode electrochemical cell, with the 
stationary phase being the working electrode. In 1960, Blair and Murphy [10] 
described a process for desalting water based on periodic sorption and desorption 
of ions on the surface of porous carbon materials. In 1963, Fujinaga [11] first 
presented a design from the union of a thin-layer electrochemical cell and liquid 
chromatographic column to perform separations. Strohl [12] and Roe [13] in 1964 
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also proposed a liquid chromatographic column with a potential-controlled stationary 
phase. One of the similarities among these early works was the use of conductive 
material for stationary phases (e.g., glassy carbon and amalgamated metal 
particles). The conductive nature of the stationary phase allowed alterations in Eapp, 
to be used as a convenient means for changing the surface charge of the stationary 
phase. Fujinaga further demonstrated through improvements in cell design the 
feasibility of a voltage gradient throughout the stationary phase to enhance 
separations [14-15]. In 1972 [16], Strohl presented the manipulation of the retention 
of electroactive organic species (i.e., quinones) by changing their redox states on 
carbonaceous particles; this was followed by an investigation of the separation of 
inorganic cations by changes of the pH of mobile phase with applied potential 
reported in 1978 [17]. 
These demonstrations, while suggesting the possibility of a new era in 
separations by on-column electrochemical reactions of analytes and mobile phase, 
suffered from very low chromatographic efficiencies. The low efficiencies resulted 
from the difficulty in constructing a column that functioned effectively both 
electrochemically and chromatographically. A major advance in EMLC column 
design was reported by Yacynych in 1984 [18] through the development of an 
EMLC column that could withstand operational pressures up to 3000 psi. The 
principle modification was to employ stainless steel as opposed to glass as the 
container for the stationary phase. Wallace also proposed several variations to 
existing column designs for EMLC [19]; however, the efficiency of these designs still 
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can not meet the separation efficiencies of contemporary HPLC. More recently, 
Nagaoka investigated the influence of retention by various polymeric coatings, such 
as, crown ether [20], polyaniline [20-21], and polypyn-ole [21]. Przybycien also 
studied the retention change of p-lactoglobulin on the stationary phase of heme-
agarose while the redox state of the stationary phase was manipulated by additives 
to mobile phase [22]. Deinhammer, Shimazu and Porter reported some 
improvements in the preparations of polypyrrole coating, applying these coatings to 
separations of adenosine phosphates [23] and amino acids [24]. The latter studies 
demonstrated for the first time the ability to manipulate retention by changing 
electrochemically the composition of a stationary phase during analyte elution. 
Together, all the investigations described above hinted at the potential of 
EMLC as a new means for manipulating analyte retention by demonstrating its 
possible applications to a wide range of analytes. That is, EMLC may often serve as 
an altemative to conventional HPLC. To realize this possibility, however, the 
chromatographic efficiency of the technique needs a notable improvement before 
acceptance and adoption by the chromatographic community. Furthemriore, 
additional insights into the retention mechanism are needed to place the 
performance of this technique on a firm fundamental footing. It is this potential that 
motivated the work described in this dissertation. 
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Dissertation Overview 
In order to meet the needs aforementioned for the development of EMLC 
technique, we have explored the issues of column design, retention mechanisms, 
and possible pharmaceutical applications. In Chapter 1, a newly designed EMLC 
column is presented. This design is based on our previous design [25] but with 
important modifications to improve some limitations in performance. That is, in our 
previous design, the electrochemical performance is much less effective at cathodic 
values as opposed to anodic ones of Eapp,. This limitation led us to re-examine the 
design, preparation, and material composition of the key components of our 
previous EMLC column in an attempt to identify and correct the sources of the 
limitation. The results for the performance of the new design are presented and 
compared to those from the earlier design. The impact from this modification to a 
proposed retention mechanism is also discussed. 
Chapter 2 is targeted at an investigation of the retention processes for a 
mixture of monosubstituted benzenes using EMLC with porous graphitic carbon 
(PGC) as the stationary phase. An analysis on the extent of changes in retention as 
a function of applied potential (Egpp,) has been performed to probe the retention 
mechanism of analytes on a PGC stationary phase. These findings and conclusions 
provide additional insight into the unique features of this new separation technique 
as well as the establishment of initial predictive guidelines of its applicability for 
future users. 
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Chapter 3 demonstrates an application of EMLC to the separation of a 
mixture of corticosteroids (i.e., prednisone, prednisolone, cortisone, and 
hydrocortisone) with a PGC stationary phase. As a stationary phase, PGC is 
selective to differences in double bond structures, but much less so to differences in 
functional groups. However, based on the conclusions from the fundamental study 
in Chapter 2, the selectivity of PGC stationary phase to differences in functional 
groups can be greatly enhanced by A mixture of corticosteroids with the 
structures having a different number of double bonds and/or functional groups is 
employed in this chapter to demonstrate this unique attribute of EMLC. 
In Chapter 4, a study continuing our investigations of the range and scope of EMLC 
that explores the separations of benzodiazepines is presented. The challenge in 
this case is posed by a mixture of benzodiazepines with only minor differences In 
functional groups. Other reports [26] have shown that the efficiency in the 
separations of benzodiazepines on PGC is limited by the poor selectivity of 
stationary phase to functional group differences. As found in our investigation of the 
separation of corticosteroids, the low selectivity of PGC toward differences in 
functional groups can be overcome by the effects of Egpp, on the retention 
characteristics of this stationary phase. In this Chapter, we apply EMLC to the 
separation of a mixture of benzodiazepines at a PGC stationary phase, further 
demonstrating the attributes (i.e., efficiency and ease of optimization) of this new 
chromatographic technique. 
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CHAPTER 1. NEW COLUMN DESIGN FOR ELECTROCHEMICALLY 
MODULATED LIQUID CHROMATOGRAPHY (EMLC) 
A paper to be submitted to Analytical Chemistry 
En-YI Ting and Marc D. Porter* 
ABSTRACT 
A new column design for electrochemicaliy-modulated liquid chromatography 
(EMLC) is presented. The principal attribute of the new design is the enhancement 
of the control over the potential applied to the stationary phase by the reduction of 
the background current and solution resistance. The enhancement is demonstrated 
through a series of comparisons of the electrochemical perfomriance of the new and 
the earlier column designs. This enhancement, as shown by separations of 
mixtures of aromatic sulfonates, also translates to an improvement in the capability 
of EMLC as a chromatographic technique. 
INTRODUCTION 
In recent reports [1-6], we have described the results from explorations of the 
range and scope of the capabilities for a new form of liquid chromatography -
electrochemically modulated liquid chromatography (EMLC). The basis of EMLC 
stems from the ability to alter the retention characteristics of conductive stationary 
phases (e.g., electrochemically-transformable polymeric coatings and carbonaceous 
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particles) through changes in the potential applied {E^^) to a LC column that 
functions as the working electrode in an electrochemical cell. Efforts in our [1-6] and 
other [7-11] laboratories have demonstrated that this approach can be applied to 
manipulate the separations of a variety of different analytes, including aromatic 
sulfonates, metal ions, corticosteroids, and benzodiazepines. 
We report herein an improvement in our ability to manipulate EMLC 
separations using porous graphitic carbon (PGC) as the stationary phase. This 
development was triggered by an assessment of the ability to exploit the "on-
column" redox transfonnation of analytes [12-13] as another EMLC-based 
separation strategy. We observed that while able to electrolyze species with anodic 
fomnal reduction potentials (E°') (e.g., catechol (E°-+0.40 V vs Ag/AgCI/saturated 
NaCI)), attempts to induce the transformation of redox species with cathodic values 
of half-wave potentials (E^/j) (e.g.. 3-nitrophenol (E1/2--O.6O V)) were unsuccessful. 
This finding led to a re-examination of the design, preparation, and material 
composition of the key components of our EMLC column in order to identify the 
sources of this limitation in performance. The following sections present the findings 
of this investigation, including the redesign of the column and the improvements in 
electrochemical and chromatographic performance as demonstrated using a mixture 
of aromatic sulfonates (ASFs). 
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EXPERIMENTAL SECTION 
A. Reagents and Chemicals. Table 1 lists the chemical structures and 
labeling schemes of the aromatic sulfonate derivatives. Disodium 1,3-
benzenedisulfonate (1,3-BDS, 1), disodium 1,2-benzenedisulfonate (1,2-BDS, 2), 
sodium benzenesulfonate (BS, 3), sodium 4-hydroxybenzenesulfonate (HBS, 4), 
trisodium 1,3,7-naphthalenetrisulfonate (NTS-2, 5), sodium p-toluenesulfonate (TBS, 
6), trisodium 1,3,6-naphthalenetrisulfonate (NTS-1, 7), 4-ethylbenzenesulfonic acid 
(EBS, 8), potassium hydroquinonesulfonate (HQS, 11), sodium 4-styrenesuifonate 
(VBS, 12), disodium 2,6-naphthalenedisulfonate (2,6-NDS, 13), potassium 
sulfobenzoic acid (BAS, 14), acetonitrile (HPLC grade), lithium perchlorate, and 
trifiuoroacetic acid (TFA) were purchased from Aldrich. Disodium 1,5-
naphthaienedisulfonate (1,5-NDS, 9) and dibromomethane were from Eastman 
Kodak, sodium 4-chlorobenzenesulfonate (CBS, 10) from TCI America, and 
sulfanilic acid (ABS, 15) from Fisher. Ethanol was obtained from Quantum 
Chemical. All chemicals were used as received and all aqueous solutions were 
prepared with water from a Miilipore Milli-Q system. 
B. Chromatographic Column Construction, (i) General Construction. 
Figure 1 shows a schematic diagram of the new version of our EMLC column. The 
main body of the column is formed by the insertion of a Nation® cation-exchange 
tube (Perma Pure; 2.8 mm intemal diameter, 9.22 cm length) into a stainless steel 
tube. The stainless steel tube consists of two pieces of solid stainless steel tubing 
(Alltech Associates, Inc.) and one piece of porous stainless steel tubing 
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Table 1. Chemical structures and labeling schemes of the aromatic sulfonate 
derivatives. 
B 
A 
A B C acronym compound 
SO3- H SO3- 1,3-BDS 1 
H SO3- SO3- 1,2-BDS 2 
SOa" H H BS 3 
SO/ OH H HBS 4 
SOa" CH3 H TBS 6 
SO3- CH2CH3 H BBS 8 
SO3- CI H CBS 10 
OH OH SO3- HQS 11 
SO3- CH=CH2 H VBS 12 
SO3- COOH H BAS 14 
SOs" NH2 H ABS 15 
A 
)OOC 
D 
A B C D E F acronym compound 
SO3- H SO3- H H S03- NTS-2 5 
SO3- H SO3- H SO3- H NTS-1 7 
SOa" H H SO3- H H 1.5-NDS 9 
H SO3- H H SO3- H 2.6-NDS 13 
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injector 
stainless steel endfitting 
PAT frit 
solid stainless steel tubing 
packed porous 
graphitic carbon 
particles 
(working electrode) 
glass reservoir for 
electrolyte solution 
Nylon ring 
solid stainless steel tubing 
to detector 
LC pump 
counter electrode contact 
point 
Ag/AgCI/sat'd NaCI 
(reference electrode) 
porous stainless steel 
column 
(counter electrode) 
Nation tubing 
electrolyte solution 
sealing gasket 
mating collar 
stainless steel frit 
working electrode 
contact point 
Figure 1. The schematic diagram of the EMLC column. The PGC spheres are 
shown for illustrative purpose and do not represent a closest packed 
density. 
(Mott Metallurgical Corp.). The internal and external diameters for all of the 
stainless steel tubing were 0.39 cm and 0.62 cm respectively, whereas the porous 
stainless steel tubing was 5.60-cm long and the two pieces of the solid stainless 
steel tubing were both 1.70-cm long. One of the solid stainless steel tubes is 
welded onto one end of the porous stainless steel tubing. The other end of the 
porous stainless steel tube is then mated to the second piece of solid stainless steel 
tubing via an insulating Nylon ring which electrically isolates the stainless steel 
tubing from the PGC stationary phase. Though not detailed in Figure 1, the mating 
collar for the Nylon ring is composed of a Poly Ether Ether Ketone (PEEK) union 
that is threaded both intemally and externally and a surrounding stainless steel ring 
that is threaded intemally but has a highly polished extemal surface. The intemal 
portion of the PEEK union is used to thread the two pieces of stainless steel tubing 
together. The glass reservoir Is then sealed to the mating collar using a rubber 
sealing gasket that fits around the stainless steel ring. After insertion Into the 
resulting stainless steel cylinder, the ends of the Nafion tubing are flanged and 
mated to 0.25 inch stainless steel endfittings (Alltech Associates, Inc.). One of the 
endfittings compresses a PEEK-Alloyed-Teflon (PAT) frit against the end of the 
stainless steel tubing, and the other compresses a stainless steel frit against the end 
of stainless steel tubing next to the Nylon ring. 
Electrical contact to the stationary phase, which functions as the working 
electrode in the EMLC column, is made through the endfitting with the stainless 
steel frit. The porous stainless steel tube is then connected to act as the counter 
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electrode via the endfltting with the PAT frit. The electrical circuit is completed by 
placing a Ag/AgCI/saf d NaCI reference electrode inside a glass reservoir filled with 
0.1 M LiCI04 aqueous electrolyte solution. \Ne note that the connection of the 
stainless steel tubing as the counter electrode is the key difference in the new 
design with respect to the earlier design. In the earlier design, both the stationary 
phase and stainless steel tubing were connected together as a single electrode. 
(ii) Nafion Tubing. As in our earlier design [5], the Nation tubing serves as a 
container for the stationary phase, and the stainless steel cylinder prevents the 
defomnation of the Nafion tubing under the high pressure of chromatographic flow. 
The Nafion tubing, which was received in its acidic form, was pretreated by 
immersion into a boiling solution of neat ethanol for 10 min and then into a boiling 
aqueous solution (1 M LiCIOJ for 10 min. 
(iii) Stationary Phase. The conductive stationary phase consists of 
uncoated PGC spheres (Hypersil), with a diameter of ~7 |im. The PGC spheres 
were first dispersed in a sluny of dibromomethane/acetonitrile (10/7, v/v), and then 
packed into the EMLC column at 5000 psi using neat acetonitrile for -30 min and 
then an acetonitrile solution (0.1 M LiCI04) for ~12 hrs. Characterizations using X-
ray photoelectron spectroscopy have shown that PGC is devoid of any detectable 
oxygen-containing functional groups (estimated detection limit: 0.2 atomic %) [3]. 
C. Instrumentation. The chromatographic system consisted of a Waters 
model 600E pump controller, model 610 pump, and valve station. A Waters model 
996 photodiode an-ay was used for identifying and detecting the eluting compounds. 
Solutions were injected via a 0.5 |iL injector loop (Rheodyne model 7413). The 
voltage applied to the stationary phase was controlled by a Princeton Applied 
Research model 173 potentiostat-galvanostat. 
D. Mode of Operation. After packing, the EMLC column was equilibrated 
with degassed mobile phase until a stable detector response was obtained. Three 
different mobile phases were used. Mobile phases A and B were composed of two 
components: water (0.1 M LiCI04) and acetonitrile (0.1 M LiCI04) (A: 95/5, v/v; B: 
96/4, v/v). Mobile phase C consisted of 88% water (0.1 M LiCI04, 0.1% TFA) and 
12% acetonitrile (0.1 M LiCI04). At the pH of mobile phases A and B (pH~6), the 
aromatic sulfonates exist as singly-charged (BS, HBS, TBS, EBS, CBS, HQS, VBS), 
doubly-charged (1,3-BDS, 1,2-BDS, 1,5-NDS, 2,6-NDS), or triply-charged (NTS-1 
and NTS-2) anions. At the pH of mobile phase C (pH~2), HBS, BS, TBS, CBS, and 
BAS exist as singly-charged anions, whereas ABS exists as a zwitterion. The 
operational back pressure was -2700 psi. The dead volume of the column (0.62 
mL) was determined by the injection of 0.5 |iL of water. The detection wavelength 
was 220 nm. All analyte concentrations were ~200 ppm, and injection volumes 
were 0.5 jxL. Ail values of applied potential are given herein with respect to a 
Ag/AgCI/sat'd NaCI electrode. 
RESULTS AND DISCUSSION 
A. Improvements In Column Construction. As noted, preliminary attempts 
to exploit the "on-column" redox transformations of analytes as a separation strategy 
led to the discovery of a critical limitation in the electrochemical performance of our 
original column. We found, using the photodiode array of the chromatographic 
system to detect the products from the electrode reactions on the column, that 
catechol was oxidized near its E°' in the mobile phase C. However, we were unable 
to detect the reduction of 3-nitrophenol even at an Eapp, of -1.0 V. These findings 
indicated a clear limitation in the electrochemical performance of our EMLC column 
at negative values of Egpp,. 
To identify and correct the cause of the limitation in electrochemical 
perfonnance, we re-examined the design, fabrication, and material composition of 
the column. This re-examination revealed two interrelated factors in the eariier 
design that lead to the observed limitation: (1) the high resistance pathway that 
arises from the thin solution channels in the combination PGC-stainless steel 
cylinder working electrode, and (2) the cathodic currents that flow because of the 
trace levels of residual dissolved oxygen in the mobile phase and the low level 
corrosion [14,15] of the stainless steel tubing. Thus, the high resistance of the 
combined working electrode coupled to the low level of current flow for the cathodic 
corrosion of the stainless steel tubing and for the reduction of the trace levels of 
oxygen in the mobile phase in this highly efficient electrolysis cell, causes an "ohmic 
drop" in potential applied to the column. The combined weight of these factors, the 
sources of which parallel to those found in electrochemical fluidized bed reactors 
and thin-layer electrochemical cells [16], results in a drop in applied potential across 
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the stainless steel tubing that inhibits the achievement of extremely negative values 
of Egppi at the PGC stationary phase. 
To overcxDme the above limitation, we have redesigned our EMLC column in 
order to insulate electrically the stainless steel cylinder from the PGC packing, and 
to use the stainless steel cylinder as the auxiliary electrode and not part of the 
worthing electrode. A schematic of the new design is presented in Figure 1, and the 
details of the new design have been discussed in the Experimental Section. With 
this new design, we have successfully electrolyzed 3-nitrophenol near its Ey2-
Furthemriore, separations with the redesigned column have revealed that the 
analyte HBS undergoes a previously undetected and irreversible electroreduction 
reaction between -0.10 and -0.20 V with the mixed solvent system used as our 
mobile phase. Importantly, the onset of both electrochemical reactions 
demonstrates that the limitation imposed by the earlier configuration has been 
significantly minimized. 
B. Improvements in Electrochemical Perfomiance. This section 
demonstrates the improved electrochemical performance of the column realized by 
the enhanced control of the potential applied to the PGC stationary phase. These 
tests were conducted using mobile phase A by assessing the time required for the 
column to equilibrate to changes in Egpp, by following the temporal evolution of the 
retention for a mixture of four ASFs (i.e., BS (3), HBS (4), TBS (6), and 1,5-NDS (9)) 
[17]. These compounds were selected based on the large differences in their 
retention sensitivities to changes in Egppi [3]. The assessment begins with an 
injection of tfie four-component mixture at a preset value of Egpp,. After the complete 
elution of the mixture, the sample is again injected onto the EMLC column and the 
voltage is immediately stepped to and held at another value of The injections 
are continuously repeated until no further changes in the retention for all four ASFs 
are detected. 
The results of such an evaluation are presented in Figure 2, which also 
contrasts the findings using our original (Figure 2A) and new (Figure 2B) column 
designs. In both examples, the applied potential is stepped from an Initial value of 
0.00 V to -1.00 V after the complete elution of the mixture (6.1 min). The second 
sample injection is performed at the same time as the applied potential is changed. 
These data show that the two designs perfomi comparably for the injections at an 
applied voltage of 0.00 V. The elution order (BS<HBS<TBS<1,5-NDS) and 
retention times are virtually identical, in addition, the changes in retention after 
stepping the applied potential to -1.00 V follow the same general trends. That is, the 
retention for each ASF gradually decreases to different limiting values. 
There are, however, three critical quantitative differences between the 
separations in Figures 2A and 2B. These differences are more evident in the 
expansions of portions of Figure 2A in Figure 3A and of Figure 2B in Figure 3B. 
First, and most importantly, the time required for the elution of all four ASFs to reach 
limiting retention times after the step in Egpp, is much less for the new column design 
(-19 min) than for the old column design (~49 min). The new column design 
Figure 2. Response measurements for the original column design (A), and the new column design (B). The initial 
applied potential was 0.00 V and 6.1 minutes after the first sample injection the applied potential was 
stepped to -1.00 V. The mobile phase consisted of water (0.1 M LiCI04) and acetonitrile (0,1 M LiCI04) 
(95/5, v/v). The flow rate was 0.9 mL/min. The times required for the separations with the original column 
design (55.5 min) and the new column design (25.5 min) to reach a constant elution time for all of the 
components in the mixture after stepping the applied potential are marked by the arrows. 
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Figure 3A. Expansion of the separation shown in Figure 2A between 0 and 7,15 and 20, and 53 and 61 min. The 
equilibration time Is marked by the arrow (55.5 min). 
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Figure 3B. Expansion of the separation shown in Figure 2B between 0 and 7,15 and 20, and 23 and 34 min. The 
equilibration time is marked by the arrow (25.5 min). 
therefore equilibrates to a 1-volt change in Egpp, more than three times faster than 
our earlier design. 
Second, the limiting elution orders of the mixture for the two designs differ. 
The elution order using the original design is HBS<BS<1,5-NDS<TBS. For the new 
design, however, the elution order of BS and 1,5-NDS is reversed, resulting In 
HBS<1.5-NDS<BS<TBS. 
Third, the previously undetected irreversible reduction of HBS is evident in 
the separations using the new design. This situation is revealed by a change in 
absorbance spectrum (not shown) for HBS in the chromatogram obtained from the 
first injection and that obtained, for example, from the injection shown at the 
beginning of the middle segment of data in Figure 3B. The band labeled 4' 
con-esponds to an unidentified product from the electroreduction of HBS that 
absorbs at 220 nm. These results demonstrate a clear improvement in the 
electrochemical performance of the new EMLC column design in comparison to our 
original design. 
C. Improvements in the EMLC-Based Manipulation of the Retention of 
ASFs. Based on the above improvement in electrochemical performance, we have 
re-examined the ability to manipulate our previously reported separations of an ASF 
mixture [3] using the new column design and mobile phase C. Figure 4 presents 
the results of one set of such experiments using a six-component ASF mixture (i.e., 
BS (3), HBS (4), TBS (6), CBS (10), and BAS (14), ABS (15)), five of these 
components (i.e., BS, HBS, TBS, CBS, and ABS) were studied in our eariier work 
Figure 4. Separations of a mixture of aromatic sulfonates obtained using the re­
designed EMLC column at +0.50 V (A), open circuit (B), and -0.60 V 
(C). The mobile phase consisted of water (0.1 M LICIO4, 0.1% TFA) 
and acetonitrile (0.1 M LiCI04) (88/12, v/v). The flow rate was 
0.90 mL/min. 
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[3,21]. Chromatograms A, B, and C were obtained at +0.50 V, the open circuit 
potential (~+0.15 V), and -0.60 V, respectively. We note, In view of Its noted 
electroreductlon, that HBS was excluded from the mixture separated at -0.60 V. 
As a starting point, the chromatogram at open circuit shows that four of the 
six components In the mixture (I.e., ABS, TBS, CBS, and BAS) are effectively 
separated. Two of the components (I.e., HBS and BS), however, co-elute. The 
elutlon order, in terms of Increasing retention time. Is 
ABS<HBS~BS<TBS<CBS<BAS. 
At +0.50 V, the retention of all six components of the mixture Is notably 
increased with respect to the separation at the open circuit potential. The retention 
time of CBS, for example. Increases from 2.4 min at the open circuit potential to 5.2 
min at +0.50 V; BAS undergoes an even greater relative change, increasing from 
2.7 min at the open circuit potential to 9.1 min at +0.50 V. In addition, all six of the 
components in the mixture are fiilly resolved, further demonstrating the effective 
manipulation of the separation of this class of compounds at PGC solely by changes 
Iri ^appl* 
In contrast to an Eapp, of +0.50 V, the separation at -0.60 V exhibits a clear 
decrease in retention with respect to that at the open circuit potential. The elutlon of 
the mixture requires less than 2 min at -0.60 V, whereas those at +0.50 V and at the 
open circuit potential require just over 9 and 3 min, respectively. Furthermore, the 
separation at -0.60 V Is highly, but not fully, effective In resolving the five 
components of the mixture. Together, these separations demonstrate an important 
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attribute of this new technique in that the analytical figures of merit for a separation 
(e.g., resolution and retention time) can be readily manipulated by changes in Eapp,. 
A more detailed summary of the manipulation of the separation of the ASFs is 
presented in Figure 5 through plots of log k' vs Eappi, where k' is the capacity factor 
for each analyte at a given Egpp,. These plots, then, reflect the sensitivity of retention 
to changes In Eapp,. The plots for ABS, BS, TBS, CBS, and BAS extend from +0.50 
to -1.00 V, whereas that for HBS extends only from +0.50 to -0.10 V. The error bars 
for the values of log k' are about the size of the data points and represent the range 
of the results for several (three or more) replicate separations. An examination of 
these plots reveals two important points. First, the retention of each ASF, as 
summarized in Table 2, exhibits a linear dependence over a large range in values of 
Egppi (+0.50 V to -1.00 V). These dependencies are, in part, similar and, in part. 
Table 2. The sensitivities (i.e., the slope values) from the plots in Figure 5 for a 
mixture of aromatic sulfonates. 
different from those observed in our previous findings [3,21]. In our previous 
compound acronym slope (logk'A/) 
3 
4 
6 
10 
14 
15 
BS 
HBS 
TBS 
CBS 
BAS 
ABS 
0.61 
0.99 
0.64 
0.70 
1.1 
0.46 
findings, the plots exhibited bimodal linear dependencies, with the transition in the 
Figure 5. Plots of log k' vs Eapp, for the separations of the mixture of aromatic 
sulfonates between +0.50 V and -1.00 V. Note that the values of HBS 
extend only from +0.50 V to -0.10 V because of its electroreduction 
which occurs at an Eapp, between -0.10 and -0.20 V. 
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BS 
TBS 
CBS 
BAS 
HBS 
ABS 
1.0 -
0.5 -
0.0 -
-0.5 -
-1.0 -
0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.8 -1.0 -1. 
Egppi (V vs Ag/AgCI/sat'd NaCI) 
dependencies occuning at ~-0.20 V [21]. In addition, the sensitivity of log k' to 
changes in was much greater above -0.20 V than below -0.20 V. For example, 
the sensitivity of log k' for CBS at values of less than -0.20 V was 0.14 V"^; at 
values of Egppi greater than -0.20 V, however, the sensitivity was 0.72 V"\ 
importantly, the retention sensitivity of CBS using the new column design is 0.70 V \ 
which closely matches that observed only at values of E^ greater than -0.20 V with 
the earlier design but over a much larger range in Egpp,. Parallel improvements in 
sensitivity were also found for the other three ASFs (i.e., BS, TBS, and ABS) that 
were investigated using both the original and new column designs. Thus, the 
improvement in the electrochemical performance that results from the redesign of 
the column yields in a significant enhancement in our ability to alter the retention of 
the ASFs through the manipulation of Egpp,. 
Second, the dependence of the sensitivities all exhibit an increase in 
retention as Egppi becomes increasingly positive. These trends are consistent with 
our eariier mechanistic analysis in that the electrostatic interactions between the 
sulfonate groups and the PGC surface play a central role in the observed retention 
dependence. In other words, the more positive the applied potential with respect to 
the potential of zero charge (pzc), the greater the positive surface charge on PGC, 
and the greater the electrostatic attraction between a sulfonate group and PGC. 
This situation then leads to an increase in the retention of the ASFs as Egppi 
becomes more positive. In contrast, values of Egpp, increasingly negative of the pzc 
increase the repulsive interaction between a sulfonate group and PGC, resulting a 
decrease in retention. Thus, the electrostatic interactions between the negatively 
charged ASFs and the PGC surface are key to the observed retention 
dependencies. This interaction, which is modulated by the influence of other 
substituents on the aromatic ring on retention through a wide range of interactions 
(e.g., donor-acceptor strengths and dispersive interactions) [3], then gives rise to the 
observed sensitivities. 
In closing, one additional assessment of performance was conducted using a 
mixture of all thirteen of the ASFs listed in Table 1 to facilitate a comparison to the 
previously reported separation using our eariier design [3]. The chromatograms in 
Figures 6(a) and (c) are the separations of the mixture at the open circuit potential 
(—0.05 V) [3] using the original and new designs, respectively and mobile phase B. 
The two separations are virtually indistinguishable from each other, indicating the 
two columns perform similariy. The chromatograms in Figures 6(b) and (d) are the 
separations observed when Egppi 'S stepped from 0.00 V to -1.00 V at 7.2 min after 
sample injection with the respective original and new designs. As described [3], an 
Egpp, slightly positive of the open circuit potential is used to improve the resolution of 
the first 11 eluting ASFs, whereas the application of the potential step to -1.00 V 
reduces the interactions between last two aromatic sulfonates (i.e., VBS (12) and 
2,6-NDS (13)) and the PGC surface, resulting in a decrease of the total elution time 
of the sample. The extents of the decreases in elution times of VBS and 2,6-NDS at 
(b) with respect to (a) are 1.6 and 14.0 min, whereas at (d) with respect to (c) are 
4.5 and 19.8 min. Comparing the separations in (b) and (d) further demonstrates 
Figure 6. Chromatograms of 13 aromatic sulfonates using the previous column design (a) and (b), and the new 
column design (c) and (d). (a) and (c) are at the open circuit potential (—0.05 V). (b) and (d) were obtained 
by applying a potential step from 0.00 to -1.00 V to the PGC stationary phase 7.2 min after sample injection. 
The mobile phase consisted of water (0.1 M LiCI04) and acetonitrile (0.1 M LiCI04) (96/4, v/v). The flow rate 
was 1.0 mL/min. 
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the Improvements In the EMLC-based separations by the new column design 
through the dynamic manipulation of Eapp, during analyte elution. 
CONCLUSIONS 
In this paper, we have presented a new design for our EMLC column. The 
main modification in the design Is the use of the porous stainless steel tubing as 
counter electrode instead of as part of the working electrode as configured in our 
previous design. In this new design, the electrochemical performance at cathodic 
values of which was limited in our previous design, has been greatly improved. 
This improvement has enhanced the ability to manipulate retention by changes in 
Egppi. Efforts to further pursue in-situ electrochemlcally modulated chromatography 
and on-column redox separations by the new design are underway. 
We also note that the newly observed dependencies of retention with respect 
to Egppi suggest the details (I.e., structure orientation of the adsorbed analytes) in our 
earlier speculation on a retention mechanism may require reexamination. Our 
earlier postulations were based on considerations of the bimodal dependence for 
the retention sensitivity of the ASFs to changes in Eapp,, as found using the earlier 
design. We are presently conducting experiments using a more extensive set of 
ASFs to address this Issue as well as surface sensitive UV-VIS and IR 
spectroelectrochemical techniques. 
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CHAPTER 2. ELECTROCHEMICALLY MODULATED LIQUID 
CHROMATOGRAPHY (EMLC): SEPARATIONS OF NEUTRALLY CHARGED, 
MONOSUBSTITUTED BENZENES AT A POROUS GRAPHITIC CARBON 
STATIONARY PHASE 
A paper to be submitted to the Journal of Electroanalytical Chemistry 
En-Yi Ting and Marc D. Porter* 
ABSTRACT 
The separation of a mixture of neutrally charged monosubstituted benzenes 
using electrochemically modulated liquid chromatography (EMLC) has been 
investigated at a porous graphitic carbon (PGC) stationary phase. An analysis on 
the extent of the changes in retention as a function of applied potential (Egpp,) has 
also been performed to develop the insights into the retention mechanism of 
analytes on a PGC stationary phase. The results show that the retention of these 
analytes increases as the Egpp, becomes more positive. Furthemriore, the 
dependence of the increase is varied between analytes and is attributed to the 
differences in their abilities to participate in donor-acceptor interactions with the 
carbon surface through both electrostatic and charge transfer interactions. More 
specifically, the analyte possessing a larger submolecular polarity parameter and/or 
a higher energy level for its highest occupied molecular orbital displays a greater 
sensitivity in retention to changes in Egppi. The conclusions of this study have built 
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up qualitative retention pathways for EMLC and a guideline of dependence of 
analytes for future users to further explore its applications. 
INTRODUCTION 
In a recent series of studies [1-6], we have been exploring the ability to 
modify separations by the union of electrochemical and liquid chromatographic (LC) 
techniques. The technique, which we have temried electrochemically modulated 
liquid chromatography (EMLC), relies on alterations of the retention characteristics 
of conductive stationary phases (e.g., porous graphitic cariDon (PGC)) through 
changes in the voltage applied to a LC column that is configured as an 
electrochemical cell. Efforts in our [1-6] and other [7-11] laboratories have found 
that this approach can be applied to manipulate the separations of a variety of 
different analytes, including aromatic sulfonates, metal ions, corticosteroids, and 
benzodiazepines. 
This paper continues our studies of EMLC by examining the dependence of 
the retention of the set of neutrally charged, monosubstituted benzenes shown in 
Table 1 on the potential applied to a PGC stationary phase. As such, this paper has 
two goals. The first and foremost goal is to assess the extent by which EMLC can 
be used to manipulate the separation of this general class of compounds. Our work 
to date has focused primarily on the utility of EMLC for the separation of ionically 
charged aromatic compounds as well as of much higher molecular weight 
compounds with an aromatic moiety as part of a much larger molecular structure. 
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Neutrally charged, monosubstltuted benzenes therefore present an interesting 
challenge to the separation capability of EMLC. The second goal is to build on our 
preliminary efforts [3] to develop Insights into the possible chemical interactions that 
can play a role in the dependence of retention as a function of the potential applied 
to a PGC stationary phase. Thus, the monosubstituted benzenes in Table 1, in 
comparison to the noted types of analytes that we have previously investigated 
(e.g., substituted aromatic sulfonates, corticosteroids, and benzodiazepines [1-3]), 
represent a structurally simpler chemical system for identifying the critical 
interactions between an analyte and PGC that are affected by changes in the 
applied potential. Together, these findings further demonstrate the unique features 
of this new separation technique. 
EXPERIMENTAL SECTION 
Reagents and Chemicals. Table 1 lists the chemical structures and 
numerical designations for each of the aromatic analytes. Aniline, anisole, 
benzaldehyde, benzoic acid, benzonitrile, fluorobenzene, trifluoroacetic acid (TFA), 
and lithium perchlorate were purchased from Aldrich. Benzene, phenol, 
chlorobenzene, and acetonitrile (HPLC grade) were obtained from Fisher. 
Dibromomethane was from Eastman Kodak, and ethanol from Quantum Chemical. 
All chemicals were used as received. All aqueous solutions were prepared with 
water that was obtained from a Millipore Milli-Q purification system. 
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Table 1. Chemical stmcture, numerical designation, hydrophoblcity parameter 
(log P)®, submolecular polarity parameter {8f, energy for the highest 
occupied molecular orbital (Ehomo)". 3"^! the value® of the slope from the 
logk' vs Eapp, plot for each analyte when neutrally charged. 
A 
Q 
A numerical 
designation 
log P 5 ^HOMO (SV) slope 
(log k'/V) 
OH 1 1.46 0.917 -9.014 0.399 
F 2 2.27 0.767 -10.154 0.200 
CN 3 1.56 0.608 -10.522 0.174 
COOH 4 1.81 0.438 
OCH3 5 2.11 0.886 -9.396 0.232 
CI 6 2.84 0.848 -10.038 0.218 
H 7 2.13 -10.364 0.152 
CHO 8 1.48 0.534 -13.238 0.173 
NHa" 9 0.90 0.915 -9.041 0.287 
® Calculated using the method of Hansch [25]. 
" Calculated, where applicable, using the Pariser-Parr-Pople method [12]. 
Calculated from the retention data in Figure 2 between +500 mV and -1000 mV, 
and approximated by a least-square fit to all of the data. 
The data for aniline were obtained without trifluoroacetic acid in the mobile phase. 
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Chromatographic Column Construction. The general design of the EMLC 
column has been described elsewhere [5]. Briefly, the column consists of a Nafion 
cation-exchange membrane in tubular form (Perma Pure) that is placed inside a 
porous stainless steel cylinder. The Nafion tubing serves as a container for the 
stationary phase, and the stainless steel cylinder both prevents the deformation of 
the Nafion tubing under the high pressure of chromatographic flow and acts as the 
auxiliary electrode In a three-electrode electrochemical cell. The Nafion tubing, 
which was received in its acidic fomi, was pretreated by immersion into a boiling 
solution of neat ethanol for 10 min and then into a boiling aqueous solution (1 M 
110104) for 10 min. The length and Inner diameter of the stainless steel column were 
9.22 cm and 0.38 cm, respectively. 
Uncoated PGC spheres (Shandon HPLC) with a diameter of ~7 pm were 
used as the conductive stationary phase. The PGC spheres were dispersed in a 
dibromomethane/acetonitrile (10/7, v/v) slurry and then packed into the EMLC 
column at 5000 psi using neat acetonitrile for ~30 min followed by an acetonitrile 
solution (0.1 M LiCI04) for ~12 hrs. Characterizations using X-ray photoelectron 
spectroscopy [3] have shown that PGC is devoid of any detectable oxygen-
containing functional groups (estimated detection limit: 0.2 atomic %). 
Instrumentation. The chromatographic system consisted of a Waters model 
600E pump controller, model 610 pump, and valve station. A Waters model 996 
photodiode an-ay was used for identifying and detecting the eluting compounds. 
Solutions were injected via a 0.5 pL injector loop (Rheodyne model 7413). The 
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voltage applied to the stationary phase was controlled by a Princeton Applied 
Research model 173 potentiostat-galvanostat. 
Mode of Operation. After packing, the EMLC column was equilibrated with 
degassed mobile phase at a flow rate of 0.90 mUmin until a stable detector 
response was obtained. The mobile phase was composed of two components in 
equal volumes: water (0.1 M LiCI04 containing 0.1% TFA) and acetonitrlle (0.1 M 
LiCI04); the operational back pressure was ~2500 psi. The dead volume of the 
column (0.62 mL) was determined by the injection of 0.5 pL of water. The open 
circuit potential was +254 mV with respect to a Ag/AgCI/sat'd NaCI electrode: all 
values of applied potential are given herein with respect to this electrode. The 
detection wavelength was 200 nm. All analyte concentrations were -200 ppm, and 
injection volumes were 0.5 pL. 
Molecular Orbital Calculations. Molecular orbital calculations were 
performed by the Pariser-Parr-Pople method [12-13] using a FORTRAN program 
(No. QCMP054) from the Quantum Chemistry Program Exchange. With this 
method, wave functions were generated for 7c-electron molecular orbitals to predict 
the energies for the highest occupied molecular orbital (Ehomo) and the values of the 
submolecular polarity parameters (5). The values of 5, which can be viewed as a 
measure of local dipole moment, were calculated from the largest difference in 
neighboring atomic charges [14], In all cases, the neighboring atoms with the 
largest differences were those linking the substituent to the aromatic ring. 
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RESULTS AND DISCUSSION 
A. Separation of Monosubstituted Benzenes at the Open Circuit 
Potential. Figure 1 presents the separations for a mixture of 1-6 at the open circuit 
potential (+254 mV) as well as at several different values of applied potential (Eapp,) 
using an EMLC column with PGC as the stationary phase. The separation at the 
open circuit potential serves as the starting point for our assessment of the effects of 
changes in Egppi on retention. At the open circuit potential, the mixture completely 
elutes within four minutes. The elution order in terms of increasing retention is 
1<2<4<3<5<6. Furthennore, the separation is fully effective in resolving 1, 2,4, and 
6, but is only marginally effective in separating 3 and 5. 
Qualitative Insights into the types of interactions that result In the observed 
elution order at the open circuit potential can be readily developed from our 
investigations of retention mechanisms at PGC [3,15], along with earlier literature 
precedents [16-17]. These studies have shown that such separations reflect a 
complex mixing of donor-acceptor, dispersive, and solvophobic interactions. Briefly, 
dispersive interactions arise largely from the highly polarizable, delocalized 
electronic band structure of carbon. The strength of this interaction is generally 
larger for analytes with higher molecular weights [18]. Solvophobic interactions are 
governed by the solvation of an analyte by the mobile phase. This type of 
interaction generally increases the retention of hydrophobic molecules when more 
hydrophilic mobile phases are used. On the other hand, donor-acceptor interactions 
Figure 1. Separations of a mixture of neutral aromatic analytes obtained at the 
EMLC column as a function of applied voltage: +500 mV, open circuit 
potential (+254 mV), 0 mV, -400 mV, and -1000 mV, All applied 
voltages are given with respect to a Ag/AgCI/saturated NaCI electrode, 
The mobile phase consisted of 50% 0.10 M LiCI04 in acetonitrile and 
50% 0.10 M LiCI04 in an aqueous solution containing 0.10% TFA. 
The flow rate was 0.90 mL/min. 
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reflect an interplay between tlie n- and/or 71-electrons of an analyte and the 
delocalized 7t-electrons at a carbon surface. We note that the net donor-acceptor 
interaction reflects the sum of five components: the electrostatic interaction, the 
polarization interaction, the exchange repulsion, the charge-transfer interaction, and 
a coupling term [19]. In addition, the electrostatic component includes interactions 
between permanent charges and dipoles and, through correlations with the 
submolecular polarity parameter (i.e., the local dipole moment), has been shown to 
be an important factor in goveming the retention of a large number of analyte types 
at PGC [16,20]. 
Based on a detailed analysis of the role of the above and other factors (e.g., 
geometric structure), the retention of an extensive set of substituted aromatic 
compounds has been shown to correlate strongly with the submolecular polarity 
parameter. In other words, when using a strongly hydrophobic mobile phase (i.e., 
pure heptane), the analytes with larger submolecular polarity parameters are more 
strongly retained in comparison to those with lower submolecular polarity 
parameters [16]. The separation at the open circuit potential in Figure 1, however, 
used a much more hydrophilic mobile phase (i.e., equal volumes of water (0.1 M 
LiCI04 with 0.1% TFA) and acetonitrile (0.1 M LiC104)), suggesting that solvophobic 
interactions may also play an important role in dictating the elution order of the 
mixture. 
An examination of the elution order for the aromatic analytes at the open 
circuit potential yields qualitative insights into the role of each of the above 
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interactions using the more hydrophiiic mobile phase in Figure 1. As a basis for this 
examination, Table 1 lists values for several factors that may influence the retention 
of each of these analytes, including the submolecular polarity parameter (5) and the 
hydrophobicity parameter (log P). In contrast to the predictions of the report using a 
pure heptane mobile phase [16], the elution order at the open circuit potential more 
closely follows the trend based on considerations of log P than that of 5. In other 
words, the more hydrophobic analytes (i.e., 5 and 6) are more strongly retained than 
the more hydrophiiic analytes (i.e., 1 and 3). The elution order therefore 
demonstrates the importance of hydrophobicity to the separation of 1-6 at the open 
circuit potential in Figure 1. 
B. Variations in Retention with Applied Voltage. Our earlier investigations 
of EMLC-based separations at PGC have revealed that the effects of changes in the 
applied potential (Egpp,) on the retention for a variety of analyte types originate 
primarily through a manipulation in the ability of the carbon surface to participate in 
donor-acceptor interactions [3,15]; effects from changes in solvophobicity were also 
observed, but of less significance. Thus, in view of the mechanistic discussion in 
the preceding section, changes in Egpp, may also alter the retention of 1-6. 
The results from such experiments are presented in Figure 1 for values of 
Egpp, that range between +500 mV and -1000 mV [21]. These chromatograms show 
that alterations in Egppi to a PGC stationary phase have a notable effect on the extent 
of the retention for all six compounds. Interestingly, the retention for all of the 
compounds increases as Egpp, becomes more positive. However, the effect of Egpp, 
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on the extent of retention is varied. Benzoic acid, for example, undergoes a change 
in its capacity factor (k') between the two limits in Egpp, of 0.55 at +500 mV to -0.15 at 
-1000 mV. Fluorobenzene is, in contrast, less sensitive to changes in Egpp, with a k' 
of 0.30 at +500 mV and of 0.03 at -1000 mV. 
The differences in the sensitivities of 1-6 to changes in Egpp, also affect the 
elutlon order. In other words, the elution order is 1<2<4<3<5<6 at the open circuit 
potential, 1<2<3<4<5<6 at +500 mV, and 1<4<2<3~5<6 at-1000 mV. These 
results, while not demonstrating an improvement in the efficiency of the separation 
of 1-6 with respect to that at the open circuit potential, indicate that alterations in 
Egppi can markedly change the retention of low molecular weight, neutrally charged 
aromatic compounds, extending the capability of EMLC as a separation technique to 
a new class of important analytes. 
The dependencies of the retention of 1-6, as well as 7-9, on are further 
detailed in Figure 2 through plots of log k' vs The error bars for the values of 
log k' are roughly the size of the data symbols and represent the range of the results 
from several (three or more) replicate separations. These plots show that the 
retention of 1-9 exhibits a linear or near-linear dependence on Egpp,, but that the 
dependencies differ for each of the analytes. These dependencies differ markedly 
from those found in our previous EMLC-based separations of mixtures of 
corticosteroids [2] and benzodiazepines [1]. In these latter two instances, the 
dependencies of retention on Egppi were much more complex, often showing a much 
Figure 2. Plots of log k' vs Egpp, for the mixture of 1-9 between +500 mV and 
-1000 mV. The data for aniline were obtained without trifluoroacetic 
acid in the nnobile phase. The solid lines depict the linear regression 
dependence used to determine the sensitivity of retention to changes 
in ^appi-
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more parabolicaily shaped dependence. We attributed these more complex 
dependencies to a competition between analytes and supporting electrolyte in 
interacting with PGC. The trends in Figure 2, however, argue that the dependencies 
of 1-9 are affected primarily by the influence of Egpp, through a single retention 
pathway. The next section examines this possibility in more detail. 
C. Insights into the Mechanism for ElVILC-Based Alterations of the 
Retention. In this section, we focus briefly on gaining insight into the molecular 
interactions that govern the extent of the change in the retention of 1-9 by 
alterations in Egpp, using the previously noted mechanistic studies at PGC as a 
starting point. The intent is to test qualitatively how the different substituents on the 
benzene ring affect retention through both donor-acceptor and solvophobicity 
considerations, laying down a foundation for designing more in-depth and focused 
investigations of EMLC-based retention mechanisms. 
As a basis for this analysis [16], we note there are two components of the net 
donor-acceptor interactions between aromatic analytes and the PGC surface that 
have a high probability of being affected by changes in Eapp,: (1) the electrostatic 
attraction/repulsion between dipoles, and (2) the charge transfer between the 
highest occupied molecular orbital (HOMO) of a donor and the lowest unoccupied 
molecular orbital (LUMO) of an acceptor. The extent of the interaction in the former 
case is dependent on the polarity and magnitude of the excess surface charge at 
the PGC surface, whereas the latter case reflects the alteration in the 
Ti-donor/acceptor strength of PGC with a change In Egppi. On the other hand, any 
solvophobic contribution Is treated only as an attractive term that has a maximum at 
the potential of zero charge (pzc) and decreases with positive or negative 
excursions from the pzc. These decreases are attributed to the buildup of excess 
surface charge and the resulting compaction of the electrical double layer [22,23], 
which increases Interfacial hydrophilicity and hinders access to the PGC surface. 
As a starting point, an examination of Table 1 shows that the sensitivity (i.e., 
the slope of the plots in Figure 2) of the retention of 1-9 to changes in Egpp, is in 
Increasing order 7<8<3<2<6<5<9<1<4. A comparison of this ordering with the trend 
based solely on considerations of the values of log P rules out hydrophobicity as a 
key factor in the observed dependence. There are, however, qualitative correlations 
between the sensitivities of retention and the expectations of both 5 and Ehomo-
both cases, the larger the value of the molecular descriptor, the greater the 
sensitivity of retention. Furthermore, 7 (I.e., benzene) has a 5 equal to zero. This 
observation indicates that the charge transfer interaction between the 7r-systems of 
benzene and PGC plays a major role In the sensitivity of the retention for these 
analytes. It therefore follows that the observed sensitivities of retention for the 
remaining monosubstituted benzenes reflect, in part, the impact of the substituents 
on the ability of the analyte to function as a 7t-donor. This conclusion is based on 
the observed increase in the retention of 1-9 as Egpp, becomes more positive, which 
lowers the height of the lowest unoccupied molecular orbitals of PGC [24]. That is, 
the higher the HOMO energy of an analyte, the greater its retention sensitivity to 
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changes in Egpp,. Thus, the coupling of the n-systems through charge transfer 
interactions together with the effects of dipolar interactions as evident from the 
conrelation of retention and the value of 5 gives rise to the observed trends. We 
note that a more extensive analysis is limited because of the quantitative limitations 
in the molecular descriptors determined by this 7i-molecular orbital calculation. 
Indeed, we are beginning to pursue the use of higher level calculations to further 
this effort in view of the qualitative success of the lower level 7c-system calculations. 
CONCLUSIONS 
This paper has demonstrated the utility of EMLC for manipulating the 
separations of a mixture of neutral monosubstituted benzenes. Through a study of 
the retention of these analytes at several values of Eapp„ Insights into the factors of 
importance to altering the separation of such compounds on PGC are beginning to 
emerge. The results show that the analytes with the larger values of 6 and of Ehomo 
exhibit the larger sensitivity of retention to changes in Egpp,. Efforts are being 
planned to extend this mechanistic study to a more diverse set of analytes and to 
employ higher level calculations of critical molecular descriptors. 
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CHAPTER 3. SEPARATIONS OF CORTICOSTEROIDS USING 
ELECTROCHEMICALLY-MOOULATED LIQUID CHROMATOGRAPHY (EMLC): 
SELECTIVITY ENHANCEMENTS AT A POROUS GRAPHITIC CARBON 
STATIONARY PHASE 
A paper published in the Analytical Chemistry^ 
En-Yi Ting^ and Marc D. Porter^ 
ABSTRACT 
Electrochemically-modulated liquid chromatography has been applied to the 
separation of a mixture of structurally similar corticosteroids (i.e., prednisone, 
prednisolone, cortisone, and hydrocortisone) using a porous graphitic carbon 
stationary phase. Changes in the voltage applied to the column markedly affected 
the efficiency as well as the elution order of the separation, with the mixture fully 
resolved at large negative values of applied potential. Mechanistic aspects in terms 
of the influence of changes in the applied voltage on the extent of the interactions 
between these analytes and the stationary phase are briefly discussed. 
^ Reprinted with permission of Analytical Chemistry, 1997, 69, 675-8. 
^ Microanalytical Instrumentation Center, Ames Laboratory-USDOE, and 
Department of Chemistry, Iowa State University, Ames, lA 50011 
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INTRODUCTION 
We recently demonstrated the ability to modify separations at carbonaceous 
stationary phases by coupling electrochemical and liquid chromatographic 
techniques [1-4]. The basis of this hybridized technique, termed electrochemically-
modulated liquid chromatography (EMLC), is the alteration of the retention 
characteristics of conductive stationary phases through changes in the voltage 
applied to a LC column that is configured as an electrochemical cell. Our efforts [1-
4], as well as those of others [5-9], have demonstrated that this approach can be 
applied to manipulate a variety of different analyte separations, including aromatic 
compounds and metal ions. 
In this paper, we demonstrate the capability of EMLC to facilitate the 
separation of a mixture of structurally similar corticosteroids (i.e., prednisone (1), 
prednisolone (2), cortisone (3), and hydrocortisone (4); see Scheme 1) at a porous 
graphitic carbon (PGC) stationary phase. As discussed in eariier chromatographic 
investigations [10], the challenge in the separation of this class of compounds is the 
discrimination between structures containing a different number of double bonds 
(i.e., 1 vs. 3 and 2 vs. 4) and/or differences in the identity of substituents (i.e., 1 vs. 2 
and 3 vs. 4). For separations at bonded reversed phases [11-12], compounds with 
subtle differences in functionality generally exhibit greater differences in retention 
than those that differ by the number of double bonds. The converse is often more 
important for separations at PGC [10]. The latter material is recognized as 
possessing a Ti-electron sensitivity superimposed upon classical reversed phase 
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characteristics. However, the low selectivity towards functional group differences 
that is a consequence of such a retention process can limit the effectiveness of PGC 
in some types of separations [13]. Thus, strategies that would enhance the 
sensitivity toward substituent differences would improve the range of the applicability 
of PGC as a stationary phase. We show herein that an EMLC-based separation 
using PGC offers a facile approach to achieve the efficient separation of 
corticosteroids. 
EXPERIMENTAL SECTION 
Reagents and Chemicals. Scheme 1 shows the chemical structures and 
numerical designations for each of the steroids. Cortisone, hydrocortisone, 
prednisone, prednisolone, perchloric acid, and lithium perchlorate were obtained 
from Aldrich. Acetonitrile (HPLC grade) was purchased from Fisher. 
Dibromomethane was from Eastman Kodak. All chemicals were used as received, 
with the aqueous solutions prepared using water obtained from a Millipore Milli-Q 
purification system. 
Chromatographic Column Construction. The general design of the EMLC 
column has been described elsewhere [2]. Briefly, the column consists of a Nafion 
cation-exchange membrane in tubular fomri (Pemria Pure) that is placed inside a 
porous stainless steel cylinder. The Nafion tubing serves as a container for the 
stationary phase, and the stainless steel cylinder both prevents the deformation of 
the Nafion tubing under the high pressure of chromatographic flow and acts as the 
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|^ 20H CHjOH 
Prednisone (1) Prednisolone (2) 
CHzOH CH2OH 
Cortisone (3) Hydrocortisone (4) 
Scheme 1. Chemical structures of the corticosteroids. 
auxiliary electrode in a three-electrode electrochemical cell. The Nation tubing, 
which was received in its acidic form, was pretreated by immersion into a boiling 
solution of neat ethanol for 10 min and then into a boiling aqueous solution (1 M 
•0104) for 10 min. The length and inner diameter of the stainless steel column were 
9 cm and 0.38 cm, respectively. 
The conductive stationary phase consisted of uncoated PGC spheres 
(Shandon HPLC), with a diameter of ~7 fim. The PGC spheres were first dispersed 
in a dibromomethane/acetonitrile (10/7, v/v) slurry, and then packed into the EMLC 
column at 5000 psi using neat acetonitrile for -30 min and then an acetonitrile 
solution (0.1 M LiCI04) for -12 hrs. Characterizations using X-ray photoelectron 
spectroscopy [1] have shown that PGC is devoid of any detectable oxygen-
containing functional groups (estimated detection limit: 0.2 atomic %). 
Instrumentation. The chromatographic system consisted of a Waters model 
600E pump controller, model 610 pump, and valve station. A Waters model 996 
photodiode array was used for identifying and detecting the eluting compounds. 
Solutions were injected via a 0.5 |iL injector loop (Rheodyne model 7413). The 
voltage applied to the stationary phase was controlled by a Princeton Applied 
Research model 173 potentiostat-galvanostat. 
Mode of Operation. After packing, the EMLC column was equilibrated with 
degassed mobile phase at a flow rate of 0.90 mL/min until a stable detector 
response was obtained. The mobile phase was composed of two components in 
equal amounts (v/v): water (0.1 M HCIO4) and acetonitrile (0.1 M LiCI04); the 
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operational back pressure was -2500 psi. The dead volume of the column (0.62 
mL) was determined by the Injection of 0.5 nL of water. The open circuit potential 
was +0.44 V with respect to a Ag/AgCI/sat'd NaCI electrode; all values of applied 
potential are given herein with respect to this electrode. The detection wavelength 
was 258 nm. All analyte concentrations were ~30 ppm, and injection volumes were 
0.5 nL. 
Molecular Orbital Calculations. Molecular orbital calculations were 
performed by the Pariser-Parr-Pople method [14] using a FORTRAN program 
(#QCMP054) from the Quantum Chemistry Program Exchange. With this method, 
wave functions were generated for Ti-electron molecular orbitals to predict 
submolecular polarity parameters. The submolecular polarity parameters, which 
can be viewed as a measure of local dipole moment, were calculated from the 
difference in neighboring atomic charges [15]. 
RESULTS AND DISCUSSION 
Separation of Corticosteroids at Open Circuit. As noted, the challenge for 
separations of analytes with a high degree of stmctural similarity like 1-4 rests with 
discriminating between compounds with subtle differences in the substituent 
functionalities and/or in the number of double bonds. The chromatograms in 
Figure 1 present the separations of a mixture of 1-4 as a function of applied 
potential (Eapp,), including that at open circuit, using an EMLC column with PGC as 
Figure 1. Separations using EMLC of a mixture of prednisone (1), prednisolone (2), 
cortisone (3), and hydrocortisone (4) at a PGC stationary phase as a 
function of applied voltage: open circuit (i.e., +440 mV), +300 mV, 0 mV, 
-200 mV, -400 mV, -700 mV. All applied voltages are given with respect 
to a Ag/AgCI/sat'd NaCI electrode. The mobile phase was composed of 
two components: water (0.1 M HCI04)/acetonitrile (0.1 M LiCI04) 50:50 
(v/v). The flow rate was 0.90 mL/min. 
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the stationary phase. The separation at open circuit serves as the starting point for 
our exploration as well as for laying a foundation for an assessment of the effects of 
changes in Egpp, on the separation. At open circuit, the separation is only partially 
effective in resolving 1 and 2 and much less so for 3 and 4. This separation, which 
used a binary mobile phase, is less effective than that reported with the same 
stationary phase and a tertiary mobile phase [10]. In the latter case, the resolution 
of 1 and 2 was only slightly better than that in Figure 1, but at close to baseline 
levels for 3 and 4. 
The open circuit separation in Figure 1 also provides evidence to begin the 
development of insights into the types of interactions operative in the retention 
process. For example, the elution order indicates that 3 and 4, when grouped 
together in temns of their structural similarities, are more strongly retained than the 
group composed of 1 and 2. We believe that the elution order for the two sets of 
compounds largely reflects the differences in the donor-acceptor interactions 
between these analytes and PGC, with the subtle steric differences playing only a 
minor role. As summarized in earlier mechanistic studies of retention at PGC [1], 
the net donor-acceptor interaction is the sum of five components: the electrostatic 
interaction, the polarization interaction, the exchange-repulsion interaction, the 
charge-transfer interaction, and a coupling interaction. Importantly, the electrostatic 
interaction component includes interactions between pemnanent charges and 
dipoles, and, through con-elations with the submolecular polarity parameter (i.e., 
local dipole moment), has been shown to be the major factor affecting retention on 
PGC [16]. Thus, the differences in the retention of 1 and 2 with respect to 3 and 4 
rests in all likelihood with the more extensive 7c-electron system in the A-ring for 1 
and 2 (see Scheme 1) relative to that for 3 and 4. 
As a qualitative test of the above assertion, molecular orbital calculations 
(see Experimental Section) were perfomned using model compounds that emulate 
the difference in the 7r-systems of the A-rings in the two groups of compounds. To 
this end, we used 1,4-pentadiene-3-one as a model of the Tc-system in the A-ring for 
1 and 2, and 2-propenal as a model of the n-system in the A-ring for 3 and 4. 
Results indicate that the submolecular polarity parameter of the less conjugated A-
ring system is greater than that for the more conjugated A-ring system. We 
therefore attribute the stronger retention of 3 and 4 with respect to 1 and 2 to be 
primarily a consequence of the larger local dipole moment of the 7t-system for the A-
ring in the fornier set of compounds. 
The other interesting feature of the open circuit separation in Figure 1 is the 
elution order within each of the two sets of compounds. That is, 2 is more strongly 
retained than 1, and 4 is more strongly retained than 3. We ascribe this ordering to 
the greater electron-donor character of the hydroxyl substituent at the 11-position of 
2 and 4 as opposed to the carbonyl substituent at the same position of 1 and 3. 
Taken together, the separation at open circuit demonstrates the difficulty in 
separating corticosteroids at PGC as well as the general importance of donor-
acceptor interactions to the retention process. 
Separation of Corticosteroids as a Function of Applied Potential, in our 
earlier studies of separations at PGC, we found that the effects of Egpp, on retention 
were realized to a significant extent through alterations in the ability of the carbon 
surface to participate in donor-acceptor interactions [1]. We therefore expect, In 
view of the discussion in the preceding section, that changes in Egppi will also have 
an impact on the retention of 1-4. The results from such experiments are included in 
Figure 1 for values of Eapp, extending from +500 mV to -700 mV. These limits reflect 
concems about the possible oxidation of PGC at more anodic values of Egppi [17,18] 
and the reductive decomposition of 1 at more cathodic values of Egpp). The latter 
complication was revealed in attempts to perform separations at -800 mV. Though 
not examined to assess the nature of the electrochemical reaction, chromatograms 
at -800 mV exhibited a clear decrease in the absorbance of the elution band for 1 as 
well as the appearance of several elution bands not obsen/ed in the separations at 
more positive values of Egpp,. 
Alterations in Eapp„ as evident in Figure 1, have a marked influence on the 
retention of all four compounds. Interestingly, the dependencies on Egppi display 
some similarities and some differences for both groups of compounds. The 
retention of both 1 and 2 increases as Egpp, becomes more negative. However, the 
extent of the increase for 1 is notably greater than that for 2. This difference results 
in the reversal of the elution order for the two compounds. Thus, 1 is retained less 
strongly than 2 at the more positive values of Egppi, 1 and 2 co-elute at 0 mV, and 1 
is more strongly retained than 2 at the more negative values of Egppi. The same 
66 
general dependencies for the retention of 3 and 4 are observed between +500 mV 
and ~-200 mV. However, at more negative values of Egpp,, the retention of both 3 
and 4 begins to decrease, with 4 exhibiting a greater change than 3. As a 
consequence of the combined weight of these dependencies, all four components 
are fully resolved at -700 mV, with a total elution time of-10 min. This separation 
compares favorably with that reported previously for an isocratic separation of these 
compounds at PGC using a tertiary mobile phase [10], which was ineffective in 
resolving fully all of the individual components of the mixture. Furthennore, this 
improvement in efficiency is realized along with a decrease in the total elution of the 
mixture by more than 30%. EMLC-based separations using PGC therefore provide 
an effective and facile means to tackle the challenges posed by the strong structural 
similarity presented by compounds 1-4. 
Insights into the IVIechanism for ElVILC-Based Alterations of the 
Retention of 1-4. Before concluding, we briefly discuss details concerning the 
retention process operative in the separation of these compounds via EMLC. To 
this end, Figure 2 presents a summary of the separations in Figure 1 through plots 
of log k' vs. Egppi, where k' is the capacity factor of each analyte. The en"or bars for 
the values of log k' are about the size of the data points and represent the results of 
several (three or more) replicate separations. As is evident, the plots for all four 
compounds exhibit a complex dependence, yielding the cross-overs in elution order 
noted in the last section. We attribute these general dependencies, which differ 
Figure 2. Plots of log k' vs. Egpp, for the separation of the mixture of prednisone 
(1, •), prednisolone (2, #), cortisone (3, •), and hydrocortisone (4, •) 
from Figure 1. Note that the values of log k' are superimposed for 1 and 
2 at 0 mV and for 3 and 4 at +300 mV. 
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markedly from those in our earlier reports for aromatic sulfonates [1], to the 
differences in the extent of the interactions of the analytes and the supporting 
electrolyte with PGC as a function of Egpp,. That is, as Egppi becomes more positive, 
PGC becomes a better acceptor [1]. The strength of the interaction between donor-
type analytes (e.g., 1-4) and PGC therefore increases the more positive the value of 
Eappi, in accordance with our earlier mechanistic treatment [1]. Such increases, 
however, can be modulated in cases where the extent of the interactions of the 
supporting electrolyte with PGC compete with the interactions of an analyte with 
PGC. For perchlorate ion, reports indicate that its interaction with carbon electrodes 
increases as Eapp, becomes more positive [19]. Thus, the interaction of perchlorate 
ion with PGC exhibits a dependence on Egppi that can potentially compete with the 
interaction of an analyte with PGC. We believe that the observed retention 
dependencies reflect the result of such a competition. 
The above assertion is supported by preliminary studies of the retention 
dependencies of 1 and 2 as a function of Egpp, using LiCI as the supporting 
electrolyte for the nonaqueous component of the mobile phase. With this mobile 
phase, the values of log k' vs. Egppi for both compounds are consistently larger (-10-
15%) than those summarized in Figure 2. In addition, the cross-overvalue in the 
elution order for 1 and 2 for the chloride ion-containing mobile phase is ~200 mV 
more positive than for the comparison case in Figure 2. These results clearly 
demonstrate the influence of the identity of the supporting electrolyte on retention, 
and are consistent with our assertion. Investigations of the effects of supporting 
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electrolyte composition on EMLC-separations to detail further the nature of these 
competitive effects and how the observed competition follows trends predicted from 
electrical double layer descriptions are ongoing and will be reported elsewhere. 
Collecting these findings together, we can begin to develop Insights into the 
dependencies observed in Figure 2 through considerations of the structural 
similarities and differences of 1-4. For example, the difference in the retention of 3 
and 4 at negative values of Eapp, represents the greater dependence of the 
interaction of the hydroxy! substituent at the 11-position of 4 with respect to the 
carbonyl substituent at the same position of 3. In other words, as Egpp, becomes 
more negative, the strength of the interaction of the stronger electron donor 
substituent (i.e., the hydroxyl substituent) with PGC is weakened to a greater extent 
than that for the weaker electron donor substituent (i.e., the carbonyl substituent) 
with PGC. This situation, coupled with the dependence of the competition of 
perchlorate ion, gives rise to the observed difference. The same argument is 
effective in delineating the dependencies of 3 and 4 for values of Egppi at and more 
positive than the cross-over point in their elution order. At these values of Egpp,, the 
increase in the interaction of 4 relative to 3 results in the observed reversal in elution 
order. Parallel arguments can be applied to describe the trends observed for 1 
relative to 2, recognizing the inherently weaker interaction of both compounds with 
PGC in comparison to 3 and 4. Experiments to test these conclusions more 
rigorously and to evaluate in more detail the role of other possible interactions to the 
retention process are being designed. 
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CONCLUSIONS 
In this paper, we have demonstrated the application of EMLC as a technique 
to improve the separation of a mixture of corticosteroids at a PGC stationary phase. 
Results indicate that the retention of these analytes can be markedly and effectively 
manipulated through alterations in the value of Eapp,. These changes are realized 
through the dependence of the strength of the donor-acceptor interactions between 
the analytes and PGC on Eapp„ which is modified to different extents by the 
competitive interaction from the ionic species that make up the supporting 
electrolyte and PGC. Efforts to extend the capability of EMLC to enhance the 
sensitivity to the substituent differences to other areas of separation science are 
unden/vay. Studies to further our insights into the retention mechanism are also 
being pursued. We note that the ability to alter the retention characteristics of 
materials like PGC opens an avenue heretofore unavailable in mechanistic studies 
of retention processes. 
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CHAPTER 4. SEPARATIONS OF BENZODIAZEPINES USING 
ELECTROCHEMICALLY-MODULATED LIQUID CHROMATOGRAPHY (EMLC): 
EFFICIENT SEPARATIONS FROM CHANGES IN THE VOLTAGE APPLIED TO A 
POROUS GRAPHITIC CARBON STATIONARY PHASE 
A paper submitted to the Journal of Chromatography A 
En-Yi Ting^ and Marc D. Porter^ 
ABSTRACT 
Electrochemically-modulated liquid chromatography (EMLC) has been 
applied to the separation of a mixture of benzodiazepines (i.e., oxazepam, 
temazepam, desmethyldiazepam, nitrazepam, and diazepam) using a porous 
graphitic carbon (PGC) stationary phase. Changes in the voltage applied (Egpp,) to 
the stationary phase strongly alter the retention of all five compounds. The 
observed dependencies of retention have the unusual effect of stretching both ends 
of the chromatogram as Egpp, becomes more negative. That is, the retention for 
some of the benzodiazepines increases as Egpp, moves negatively, whereas that for 
some of the other benzodiazepines decreases. The combined weight of these 
dependencies results in the ability to achieve a fully resolved separation of the 
^ Microanalytical Instrumentation Center, Ames Laboratory-USDOE, and 
Department of Chemistry, Iowa State University, Ames, IA 50011 
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mixture while only marginally increasing the overall elution time. We also show that 
the procedures required for the optimization of this EMLC-based separation are 
more facile than those employed by conventional solvent strategies. Structural 
correlations in terms of the influence of the changes in Egpp, on the extent of the 
interactions between these analytes and the PGC stationary phase are qualitatively 
discussed. 
INTRODUCTION 
In recent reports, we have demonstrated the ability to modify separations at 
carbonaceous stationary phases by the union of electrochemical and liquid 
chromatographic (LC) techniques [1-5]. This technique, which we have termed 
electrochemically-modulated liquid chromatography (EMLC), takes advantage of the 
changes in the retention characteristics of conductive stationary phases (e.g., 
porous graphitic carbon (PGC)) that are induced by the manipulation of the voltage 
applied (Egpp,) to a LC column configured as an electrochemical cell. Several 
laboratories [6-10], including our own [1-5], have shown that this approach can be 
applied to manipulate the efficiency of the separations for a variety of different 
analytes, including corticosteroids, aromatic compounds, and metal ions. This 
paper continues our investigations of the range and scope of EMLC by exploring the 
separation of the mixture of stmcturally similar benzodiazepines shown in Chart 1. 
Benzodiazepines, which were discovered in the mid-1950s [11-13], are 
among the most frequently prescribed drugs for pharmacotherapy of epilepsy, 
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convulsions, anxiety, and related disorders. The analysis of sucii compounds via 
LC is therefore an important component in the operations of many phamiaceutical 
analytical laboratories. The separation of benzodiazepines by LC is often performed 
using reversed-phase systems composed of silica support materials and chemically-
bonded coatings of alkyi chains [14]. Nomrial-phase chromatography with medium 
polarity stationary phases has in several cases also been employed [15]. 
More recently, separations of benzodiazepines at a PGC stationary phase 
have been reported [16]. The efficiencies of these separations, however, are often 
less than those at the bonded reversed-phases, a reflection of the comparatively low 
selectivity of PGC to differences in the functional groups of stmcturally similar 
compounds. As shown in our previous investigation of the separation of 
corticosteroids [1], the low selectivity of PGC toward differences in functional groups 
can be overcome by the effects of Egpp, on the retention characteristics of this 
stationary phase. In the following sections, we apply EMLC to the separation of a 
mixture of benzodiazepines at a PGC stationary phase, further demonstrating the 
attributes (i.e., efficiency and ease of optimization) of this new chromatographic 
technique. 
EXPERIMENTAL SECTION 
Reagents and Chemicals. Chart 1 shows the chemical stmctures and 
numerical designations for each of the benzodiazepines. Desmethyldiazepam, 
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OH 1: Oxazepam 
CeHs 
r 
^—OH 2: Temazepam 
CeHs 
C6HS 
3: Desmethyldiazepam 
4: Nitrazepam 
ci 
r 
.N 
CEHS 
5: Diazepam 
Chart 1. Chemical structures of the benzodiazepines. 
78 
diazepam, nitrazepam, oxazepam, and temazepam were purchased from Sigma 
(St, Louis, MO, USA). Lithium perchlorate was obtained from Aldrich (Milwaukee, 
Wl, USA), and acetonitrile (HPLC grade) from Fisher Scientific (Fair Lawn, NJ, 
USA). Dibromomethane was purchased from Eastman Kodak (Rochester, NY, 
USA). Ethanol was from Quantum Chemical (Newark, NJ, USA). All chemicals 
were used as received, with aqueous solutions prepared using water obtained from 
a Millipore Milli-Q purification system (Bedford, MA, USA). 
Instrumentation. The chromatographic system consisted of a Waters model 
600E pump controller, model 610 pump, and valve station. A Waters model 996 
photodiode array was used for identifying and detecting the eluting compounds 
(Milford, MA, USA); the detection wavelength was 231 nm. Solutions were injected 
via a 0.5 i^L Rheodyne model 7413 injector loop (Cotati, CA, USA). The voltage 
applied to the stationary phase was controlled by a Princeton Applied Research 
model 173 potentiostat-galvanostat (Princeton, NJ, USA). 
Chromatographic Column Construction. The general design of the EMLC 
column has been presented elsewhere [3]. Briefly, the column consists of a Nafion 
cation-exchange membrane tubing from Perma Pure (Toms River, NJ, USA) that is 
placed inside a porous stainless steel cylinder. The Nafion tubing serves as a 
container for the stationary phase. The stainless steel cylinder prevents the 
deformation of the Nafion tubing under the high pressure of chromatographic flow as 
well as functions as the auxiliary electrode in a three-electrode electrochemical cell. 
The Nafion tubing, which was received in its acidic form, was pretreated by 
immersion into a boiling solution of neat ethanol for 10 min and then into a boiling 
aqueous solution (1 M LiCIOJ for 10 min. The length and inner diameter of the 
stainless steel column were 9 cm and 0.38 cm, respectively. 
The conductive stationary phase consisted of uncoated PGC spheres from 
Hypersil (Runcorn, UK), with a diameter of ~7 (xm. The PGC spheres were first 
dispersed in a slurry of dibromomethane/acetonitrile (10/7, v/v), and then packed 
into the EMLC column at 5000 psi using neat acetonitrile for -30 min and then an 
acetonitrile solution (0.1 M LiCi04) for-12 hrs. Characterizations using X-ray 
photoelectron spectroscopy have shown that PGC is devoid of any detectable 
oxygen-containing functional groups (estimated detection limit: 0.2 atomic %) [2]. 
Mode of Operation. After packing, the EMLC column was equilibrated with 
degassed mobile phase at a flow rate of 0.90 mL/min until a stable detector 
response was obtained. The mobile phase was composed of two components: 53% 
water (0.1 M LiCI04) and 47% acetonitrile (0.1 M LiCI04). The operational back 
pressure was -2500 psi. The dead volume of the column (0.62 mL) was determined 
by the injection of 0.5 |iL of water. The open circuit potential was +300 mV with 
respect to a Ag/AgCI/saturated NaCI electrode; all values of applied potential are 
given herein with respect to this electrode. All analyte concentrations were -30 
ppm, and injection volumes were 0.5 ^L. 
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RESULTS AND DISCUSSION 
Separation of Benzodiazepines at Open Circuit. The chromatograms in 
Figure 1 present the separations for a mixture of 1-5 as a function of Egpp,, including 
that at open circuit, using an EMLC column with PGC as the stationary phase. The 
separation at open circuit serves as the starting point for our investigation, 
functioning as a reference point for an assessment of the effects of changes in Eapp, 
on retention. At open circuit (i.e., +300 mV), the mixture elutes within six minutes, 
with 1<2<3<4~5. Furthenmore, the separation is effective in resolving 1,2, and 3, 
whereas 4 and 5 co-elute. We note that the obsen/ed elution order of 1,4, and 5 is 
the same as that reported at PGC for a mixture of 1, 4, 5, and medazepam using an 
acetonitrile/water mobile phase of slightly different composition (i.e., 
acetonitrile/water (5 mM disodium hydrogen orthophosphate (pH 10.6)), 65/35, v/v) 
[16]. 
To begin a development of qualitative correlations between the structures of 
the solutes and retention, we draw upon a recent investigation of the separation of 
fourteen different benzodiazepines, including 1-5, using a variety of 
chromatographic mechanisms (e.g., affinity, reversed-phase, and normal-phase 
modes) [17]. This investigation probed the role of various types of chemical and 
physical factors on retention, including geometric structure and molecular and 
submolecular (i.e., submolecular polarity parameter (Psm)) dipole moments. In the 
case of the separations using PGC, which were conducted with a strongly 
hydrophobic mobile phase (i.e., hexane-propanol (97:3, v/v)) to emulate a 
Figure 1. EMLC-based separations of a mixture of oxazepam (1), temazepam (2), 
desmethyldiazepam (3), nitrazepam (4), and diazepam (5) at a PGC 
stationary phase as a function of applied voltage: +500 mV, open circuit 
(i.e., +300 mV), +100 mV, -100 mV, -300 mV. All applied voltages are 
given with respect to a Ag/AgCI/saturated NaCI electrode. The mobile 
phase was composed of two components: water (0.1 M LiCI04)/ 
acetonitrile (0.1 M LiCI04) 47:53 (v/v). The flow rate was 0.90 mL/min. 
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normal-phase process, the elution order was 5<3<2<1<4. Correlations with the 
aforementioned chemical and physical molecular descriptors revealed that the 
observed elution order was strongly dependent on That is, the more positive 
the value of the greater the extent of retention. 
In contrast to the nonnal-phase separation at PGC, the elution order of 1-5 
for the open circuit separation in Figure 1 is much different (i.e., 1<2<3<4~5). We 
attribute this difference largely to the greater hydrophilicity of the mobile phase used 
for the open circuit separation in comparison to that for the nomnal-phase 
separation. In other words, 1 and 2, when grouped together based on the hydroxyl 
substituent in the 3-position, are more hydrophllic than 3 and 5, which have a 
hydrogen in the 3-position. It follows that the expected differences in hydrophobicity 
translate to a lower retention for 1 and 2 with respect to 3 and 5. A parallel set of 
arguments can be applied to describe the trends observed for 1 relative to 2 and 3 
relative to 5 by taking into account the differences in the substituents in the 1-
position of 1 and 3 with respect to 2 and 5. Further experiments are necessary, 
employing a more extensive structural diversity of this class of compounds to test 
and extend this preliminary analysis as well as to provide insights into the factors 
governing the retention of 4. 
Separation of Benzodiazepines as a Function of Applied Potential. As 
discussed in our eariier EMLC investigations using PGC, we have found that the 
effects of Egppi on retention for several types of analytes arise notably from 
alterations in the donor-acceptor strength of the carbon surface [2]; solvophobicity 
and steric effects are observable but generally of lower significance. It is therefore 
likely that changes In Eapp, will also alter the retention of 1-5. The results from such 
experiments are presented in Figure 1 for values of Egpp, between +500 mV and -300 
mV. These limits reflect our concem about the possible oxidation of PGC at more 
positive values of Eapp, [18,19] and the observed reductive decomposition of 4 at 
more negative values of Eapp,. The latter complication was revealed in attempts to 
perfonn separations at -400 mV. Chromatograms at -400 mV exhibited a clear 
decrease in the absorbance of the elution band for 4 as well as the appearance of 
several elution bands not observed in the separations at more positive values of 
^appl-
Figure 1 shows that alterations in Egpp, have a marked influence on the 
retention of all five compounds, with the dependencies of the compounds exhibiting 
some similarities and some differences. For example, the retention of 2, 3, and 5 
increases as Egppi becomes more negative, whereas that of 1 increases as Egpp, 
becomes more positive. Like 2, 3, and 5,4 also undergoes an increase in retention 
from +500 mV to -100 mV; its retention, however, decreases at -300 mV. 
Furthermore, the relative increases in retention (i.e., the sensitivity of retention to 
changes in Egppi) as Egpp, moves from +500 mV to -100 mV is 5>4>3>2. The 
differences in the dependencies of 1-5 have the unusual effect of stretching both 
ends of the chromatogram as Egpp, shifts negatively. This effect is evident upon an 
examination of the retention dependencies of 1 and 5 which shows the retention of 5 
increases and that of 1 decreases as Egpp, moves negatively. Thus, 4 and 5, which 
co-elute at the most positive value of Eapp,, are fully resolved at the most negative 
value of Eapp,. The enhancement of the separation of 2 and 3 at more negative 
values of Egpp, is also a consequence of the differences in their retention 
dependencies. Together, these dependencies result in the complete resolution of 
all five components in the mixture at -300 mV, with a total elution time of ~8 min. 
It is worthwhile in completing this section to compare the separation of 1-5 
using EMLC with that obtained using conventional isocratic approaches. To this 
end, we have systematically changed the relative composition of the mobile phase 
used in Figure 1 to determine the composition requisite to separate fully all of the 
components in the mixture. We have found that a more hydrophilic mobile phase 
(i.e., 68% water (0.1 M LiCI04) and 32% acetonitrile (0.1 M LiCIOJ) was needed to 
resolve all five components of the mixture. However, the elution time for this 
isocratic separation was ~21 min, whereas that for the EMLC-based separation at -
300 mV was only ~8 min. Thus, EMLC-based separations using PGC represent an 
effective and facile means to tackle the challenges posed by the structural 
similarities of 1-5. 
Insights into the IVIechanism for EMLC-Based Alterations of the 
Retention of 1 -5. Before concluding, we briefly discuss the possible factors that 
contribute to the retention process in the separation of 1-5 using EMLC. For this 
purpose. Figure 2 presents a summary of the separations in Figure 1 through plots 
of log k' vs Eappi, where k' is the capacity factor of each analyte. The en-or bars for 
the values of log k' are about the size of the data points and represent the range of 
Figure 2. Plots of log k' vs Egpp, for the separation of the mixture of oxazepam 
(1, #), temazepam (2, •), desmethyldiazepam (3, A), nitrazepam 
(4, •), and diazepam (5, •) from Figure 1. Note that the values of log k' 
are superimposed for 4 and 5 at +500 and +300 mV. 
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the results of several (three or more) replicate separations. As evident, the retention 
of each of the compounds is modified to differing extents by changes in Egpp,. We 
attribute these dependencies, which are distinctly different from those in our eariier 
reports for aromatic sulfonates [2], to the differences in the extent of the interactions 
for each analyte and for the supporting electrolyte with PGC as a function of Egpp,. 
That is, in accordance with our eariier mechanistic treatment [2], PGC becomes a 
stronger acceptor as Egppi moves positively. Thus, the strength of the interaction 
between donor-type analytes (e.g., 1-5) and PGC increases the more positive the 
value of Egpp,. These increases can, however, be affected in instances where the 
interactions of the supporting electrolyte with PGC compete with the interactions of 
an analyte with PGC. Reports indicate that the interaction of perchlorate ion with 
carbon electrodes Increases as Egppi becomes more positive [20], which is consistent 
with our preliminary retention dependencies found in the EMLC-based separations 
of a variety of inorganic anions at PGC [21]. Thus, the interaction of perchlorate ion 
with PGC exhibits a dependence on Egpp, that can conceivably compete with the 
interaction of an analyte with PGC. We believe that the observed retention 
dependencies reflect the result of such a competition, an assertion consistent with 
that presented in proposing a mechanistic basis for the EMLC-derived separation of 
corticosteroids [1]. 
Using these findings, insights into the chemical and physical factors that 
result In the dependencies observed in Figure 2 can begin to be qualitatively 
developed through considerations of the similarities and differences in the structures 
of 1-5. For example, 1 and 2, when grouped together in temns of their structural 
similarities, are stronger donors than the group composed of 3 and 5. This situation, 
which Is reflected by the notable difference in the values of Ps„, between the two 
groupings [17], arises from the presence of the hydroxyl substituent at the 3-position 
of 1 and 2 with respect to 3 and 5. Thus, as Egpp, becomes more positive, the 
strength of the interactions of 1 and 2 with PGC is enhanced to a greater extent than 
that for 3 and 5 with PGC. It is this situation, coupled with the contribution from the 
competition with perchlorate ion, that gives rise to the observed difference in the 
dependencies of 1 and 2 relative to 3 and 5. In other words, as becomes 
increasingly positive, the relative increase in the interactions of 1 and 2 with respect 
to 3 and 5 with PGC more effectively counters the decrease that results from the 
enhanced interaction of perchlorate ion with PGC. 
Arguments paralleling the above discussion can be applied to interpret the 
differences in the dependencies of the retention for 1 vs 2 and 3 vs 5. Stmcturally, 2 
and 5 have a methyl substituent in the 1-position, whereas 1 and 3 have a hydrogen 
substituent. We suspect that the observed dependencies reflect the differences in 
the values of The eariier structural con-elation effort showed that the values of 
Psn, for 1>2 and 3>5 [17]. We believe that the coupling of these differences with the 
competition from the supporting electrolyte results in the observed dependencies. 
More experiments are necessary, however, in order to test and to extend these 
interpretations, including retention studies of various forms of benzodiazepines to 
assess the roles of hydrophobicity and geometric structure. 
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CONCLUSIONS 
This paper has demonstrated the application of EMLC to the separation of a 
mixture of benzodiazepines at a PGC stationary phase. The effectiveness of the 
separation is realized through the differences in the dependencies of the retention of 
the analytes on Egpp,. That is, the retention of some of the benzodiazepines 
increases as Egpp, becomes more negative, whereas that of other benzodiazepines 
decreases. These dependencies have the unusual effect of stretching both ends of 
the chromatogram as Egpp, moves negatively, which results in the ability to resolve 
fully all the components of the mixture with only a small increase in the total elution 
time. Efforts to extend the capability of EMLC to enhance the sensitivity to the 
substituent differences of analytes to other Important separations are underway. 
Studies to further our insights into the EMLC-based retention mechanism are also 
being pursued. 
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SUMMARY AND PROSPECTUS 
Summary 
This dissertation has explored the development of EMLC technique from the 
very beginning stage (i.e., construction of column) to practical ends (i.e., 
pharmaceutical applications). In Chapter 1, a newly designed EMLC column has 
been reported. This column has a chromatographic efficiency that is comparable to 
contemporary HPLC and an improved electrochemical performance over our 
previous design. The principle modification of the design is the connection of the 
porous stainless steel tube as a counter electrode as opposed to part of the working 
electrode as figured in the previous design. The improvements from this 
modification have been demonstrated through an examination of the ability to 
control the applied potential and the resulting enhancements in the capability of 
EMLC to affect separations. More specifically, in an assessment of electrochemical 
performance, the response time of the new design (-19 min) is 2.5 times faster for a 
potential step from 0 V to -1 V than that of the earlier design (-49 min). Together, 
the success of development of the new design has provided an efficient separation 
tool for EMLC and triggered our continued exploration of the application of this 
technique. 
In Chapter 2, we have presented a study of retention processes using EMLC 
at a PGC stationary phase. A mixture of monosubstituted aromatic compounds has 
been investigated for the influence of Egpp, to the retention of analytes. Results show 
a general trend of more retention of analytes at the more positive Egpp,. Furthermore, 
as estimated using a 7t-molecular orbital calculation, the analyte possessing a larger 
submolecular polarity parameter and/or having a higher energy level for its highest 
occupied molecular orbital displays a larger sensitivity in retention to changes in 
^appi- We attribute these findings to the differences in ability of analytes to 
participate in the donor-acceptor interactions between analytes and the PGC 
surface through electrostatic and charge transfer pathways. The conclusions of this 
study provide qualitative insights into the retention mechanism and have initiated the 
use of higher level calculations to pursue this investigation more quantitatively. 
Chapter 3 has demonstrated the application of EMLC as a technique to 
improve the separation of a mixture of corticosteroids at a PGC stationary phase. 
Results indicate that the retention of these analytes can be markedly and effectively 
manipulated through alterations in the value of Egpp,. Additionally, conclusions also 
show that the selectivity of PGC to functional groups can be enhanced significantly 
to achieve a fully resolved separation. This enhancement is based on the 
differences in the influence of donor-acceptor interactions between functional 
groups and PGC surface by Eapp,. The retention of analyte with stronger donor 
substituent (i.e., hydroxyl group) can be manipulated by to a larger extent with 
respect to an analyte with weaker donor substituent (i.e., carbonyl group). From a 
brief mechanistic analysis, the observed dependencies of retention to Egpp, are 
realized through the coupling of donor-acceptor interactions between the analytes 
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and PGC and the competitive interactions from the ionic species that make up the 
supporting electrolytes and PGC. 
In Chapter 4, the application of EMLC to the separation of a mixture of 
benzodiazepines at a PGC stationary phase has been presented. The effectiveness 
of the separation is realized through the differences in the dependencies of the 
retention of the analytes on Egppi. That is, the retention of some of the 
benzodiazepines increases as Egppi becomes more negative, whereas that of other 
benzodiazepines decreases. These dependencies have the unusual effect of 
stretching both ends of the chromatogram as Eapp, moves negatively, which results in 
the ability to resolve fully all the components of the mixture with only a small 
increase in the total elution time. 
Prospectus 
Through the above discussions, it can be realized that the success in the 
development of EMLC column has led to continuing studies of EMLC-based 
pharmaceutical separations and hints that EMLC to be a separation tool with 
enormous potential. To realize the potential of EMLC emerging as a main-stream 
technique in analytical chemistry, more developments and demonstrations are 
needed. The possible future developments can be discussed in two categories: 
column design and applications. Column design is essential for the development 
and commercialization of the technique. The ultimate goal for the column design is 
to achieve an electrochemical performance similar to the one from three-electrode 
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system In bulk solution. However, the performance of the cun^ent design, like the 
previous design but to a lesser extent, suffers from a response time to changes in 
Egpp, about 19 min. This delay is attributed to the process of electrolyte double layer 
charging on large surface area of the porous electrode and the hindrance from the 
Nafion film to electrolyte transport between electrodes. One possible way to 
improve this electrochemical response is to use a narrow-bore column or 
microcolumn. The advantages through the use of smaller inner diameter column 
are twofold. First, the surface area of the working electrode (i.e., the stationary 
phase) can be decreased so the noted double layer charging process can be more 
rapid. Additionally, the concern about the voltage gradient along the column radius 
will be reduced. Second, the use of narrow-bore or micro-bore columns is a trend in 
contemporary HPLC that reduces the consumption of packing material, analytes, 
and mobile phase and easier to interface with a mass spectrometer. As such, 
smaller column diameters will be beneficial to EMLC in two important ways. 
In addition to the modification on the column diameter, the performance 
limitation from the Nafion film can also be improved through advanced preparations. 
As mentioned in Chapter 1, the Nafion film serves as a separator between the 
working and counter electrodes and electrolyte ions transport through the film to 
complete the circuit. As a consequence, the thickness of the film is critical to the 
ease of electrolyte transport with a thinner film generating less hindrance to 
transport. Thus, the preparation of Nafion films with smaller diameters and thinner 
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thicknesses from Nafion solutions is likely to be an approach to fiirther decrease the 
response delay. 
The development of EMLC has been successful through the demonstrations 
of separations of corticosteroids, benzodiazepines, chiral drugs [27], and amino 
acids [28], which prove that EMLC is not only an universal separation tool but also 
highly competitive to conventional affinity, normal-phase, and reversed-phase 
chromatography respectively. The potential applications of EMLC are believed to be 
numerous. One possible future application is the EMLC-based separation of 
inorganic ions to compete with ion chromatography. Conventionally, separations of 
inorganic ions require ion exchange column and the manipulation of retention is only 
possible through the change of ionic strength of mobile phase. Our preliminary 
results show that the separation of a mixture of inorganic anions on EMLC column is 
much more facile than the one from ion exchange column through the application of 
potential to manipulate the electrostatic interactions between PGC and ions [29]. 
Another possible application is the separation of saccharides. The separations of 
saccharides are mostly performed on nonnal-phase chromatography because of its 
large hydrophilicity [30] or on anion exchange chromatography in a alkaline mobile 
phase [31]. A separation on PGC has been reported through the use of an aqueous 
mobile phase to enhance retention in reversed-phase mode [32]. However, this 
approach results in the difficulty in manipulation of separation through changes in 
mobile phase. By applying potential, EMLC may have a better opportunity to 
manipulate the retention of saccharides. Another EMLC-based study of geometric 
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isomers also seems to have great merit on the development. Compounds with 
different dipole moments might have different dependencies to Egpp, to exploit in the 
fine-tuning of elution. Finally, a fundamental study of the separations of compounds 
of aliphatic chains is believed to be important and interesting. Various length and 
branch of aliphatic chains have different degree of adsorption to the stationary 
phase. This study along with the one of various functional groups should provide a 
better guideline of dependencies of analytes on Egppi for future EMLC users. 
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